Abstract. Proteasomes are essential for numerous cellular processes, including the cell cycle, regulation of gene expression and responses to cellular stress. Proteasome inhibitors are promising anticancer agents. The proteasome inhibitor bortezomib effectively suppresses certain types of cancer, including multiple myeloma and mantle cell lymphoma. However, bortezomib poorly inhibits solid tumors, including hepatocellular carcinoma. The activation of Akt represents an adaptive response that prevents bortezomib-induced cell apoptosis. In the present study, bortezomib induced phosphorylation of EGFR, Src and Akt in hepatoma cells and inhibition of Src reduced bortezomib-induced EGFR and Akt phosphorylation. Treatment of hepatoma cells with bortezomib led to an increase in the levels of intracellular reactive oxygen species (ROS). The ROS scavenger N-acetyl-L-cysteine inhibits bortezomib-induced ROS production and abrogates the phosphorylation of Src, epidermal growth factor receptor and Akt. The combination of bortezomib and saracatinib, a Src inhibitor, synergistically induced hepatoma cell apoptosis. The present study concluded that ROS mediated the activation of the Src-EGFR-Akt cascade by bortezomib. The combination of the Src inhibitor and bortezomib holds promise in the treatment of hepatocellular carcinoma.
Introduction
The proteasome is a cylindrical protein complex that is responsible for the degradation of unnecessary, misfolded or damaged proteins by proteolysis. The basic structure of a proteasome comprises four stacked rings around a central pore (1) . Since the protease active sites of the proteasome are located within the interior surface of its barrel-shaped 20S core, the target protein cannot be degraded until it is recognized by one or two 19S regulatory caps. These bind to the outer rings thereby passing the gate formed by the N-termini of its eight α subunits and entering the barrel (2) . Ubiquitination is a typical modification that enables a protein substrate to be recognized by the proteasome. Covalent ubiquitination of a lysine residue requires the coordinated reactions of three enzymes, including ubiquitin-activating enzyme, ubiquitin-conjugating enzyme and ubiquitin ligase (3) . Although the majority of proteasomal substrates must be polyubiquitinated prior to being degraded, there is ubiquitin-independent degradation of substrates by the proteasome. For example, the proteasomal activation of nuclear factor κB (NF-κB) by the processing of p105 into p50 is a ubiquitin-independent process (4). Another ubiquitin-independent proteasome substrate is the enzyme ornithine decarboxylase (5) . Certain proteins are subject to either ubiquitin-independent or ubiquitin-dependent degradation, depending on the context. For example, p53 may undergo ubiquitin-independent degradation, although p53 is also subject to ubiquitin-dependent degradation (6, 7) .
The proteasomal degradation pathway is essential for several cellular processes, including the cell cycle, the regulation of gene expression and responses to cellular stress (8) . Therefore, proteasome inhibition is detrimental to cells that are highly dependent on the proteasome degradation system. Notably, studies on PS-341 (also referred to as bortezomib or Velcade ® ) demonstrate that levels of systemic proteasome inhibition ≤80% are well tolerated by peripheral blood mononuclear cells and do not cause excessive toxicity in patients (9, 10) . Bortezomib effectively suppresses certain types of cancer, including multiple myeloma (MM) and mantle cell lymphoma (11) . The mechanisms underlying the anti-cancer activities of bortezomib include inhibition of NF-κB, stabilization of pro-apoptotic proteins, including p53 and Bcl-2-interacting killer, and induction of cellular stress (12) . Although bortezomib exhibits antitumor activity in MM, its single agent activity in several types of solid tumor has been modest (13 (17) . Src also responds to growth factors and stress, including oxidative stress. While Src may act downstream of epidermal growth factor receptor (EGFR), it also regulates the activity of EGFR (18) . In the present study, the role of the Src-EGFR-Akt signaling cascade in bortezomib-induced apoptosis of hepatoma cells was investigated. Cell culture. The hepatoma cell lines HepG2, Hep3B and SMMC-7721 were obtained from the Cell Bank, Chinese Academy of Sciences (Shanghai, China). The cells were maintained in Dulbecco's minimal essential medium (Life Technologies, Grand Island, NY, USA) containing 10% fetal bovine serum (Life Technologies), 100 µ/ml penicillin and 100 µg/ml streptomycin (North China Pharmaceutical Group Corporation, Shijiazhuang, China). Cells were incubated at 37˚C in a humidified atmosphere of 5% CO 2 .
Materials and methods

Reagents
Western blotting. Cells were lysed with cold radio immunoprecipitation assay lysis buffer containing the protease inhibitors aprotinin and phenylmethanesulfonyl fluoride (Sigma-Aldrich, St. Louis, MO, USA). Cell lysates were collected and protein was obtained by centrifugation at 10,000 x g for 20 min at 4˚C. Aliquots of proteins were boiled in 4X loading buffer for 10 min, loaded onto Tris-HCl-polyacrylamide gels and transferred electrophoretically onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Membranes were incubated with the above primary antibodies against EGFR, Akt1, phospho-Akt, Src, phospho-Src and phospho-EGFR and horseradish peroxidase-goat anti-rabbit immunoglobulin G secondary antibodies. Membranes were also probed with monoclonal mouse anti-human actin antibody (Tianjin Sungene Biotechnology Co., Ltd.) to normalize the loading of protein among the samples. Detection was performed using chemiluminescent agents (Pierce Biotechnology, Inc., Rockford, IL, USA). Images were captured using an Alpha Innotech FluorChem imaging system (Alpha Innotech, San Leandro, CA, USA).
Detection of ROS. ROS was detected using a Reactive Oxygen Species Assay kit (Beyotime Institute of Biotechnology) and a fluorometric assay using intracellular oxidation of 2' ,7'-dichlorofluorescein-diacetate (DCFH-DA; Beyotime Institute of Biotechnology), a fluorescence probe, was performed. A total of 5,000 cells/well were plated in a 96-well plate. The cells were treated with or without 100 nM bortezomib in the presence or absence of 5 mM NAC for 24 h, followed by incubation with 10 µM DCFH-DA at 37˚C in 5% CO 2 for 20 min. Following DCFH-DA incubation, the cells were washed three times with serum-free medium to remove any unbound probe. The fluorescence of dichlorofluorescein, which is the oxidized product of DCFH-DA, was measured with excitation and emission wavelengths of 488 and 525 nm, respectively, using a fluorescence detector (Fluoroskan Ascent FL; Thermo Fisher Scientific, Waltham, MA, USA).
Analysis of apoptotic cells. Cell apoptosis was detected using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Beyotime Institute of Biotechnology). Cells were plated onto tissue culture plates, treated with or without 100 nM bortezomib and in the presence or absence of 5 µM saracatinib for 48 h. The cells were incubated with TUNEL solution and 4',6-diamidino-2-phenylindole (DAPI) solution at 37˚C for 60 min without light. Apoptotic cells were then examined under a fluorescence microscope (DMI4000B; Leica Microsystems GmbH, Wetzlar, Germany). Green fluorescence was observed in the nuclei of apoptotic cells. All cells demonstrated blue fluorescence for DAPI. Quantification of all cells and apoptotic cells in the same fields was performed by obtaining images in random fields and counting at least 300 cells in three random fields in each well.
Results
Bortezomib induces EGFR, Src and Akt phosphorylation.
To detect the effects of bortezomib on the phosphorylation of Akt and its associated kinases, including EGFR and Src in hepatoma cells, SMMC-7721 cells were treated with or without bortezomib, followed by western blot analysis of EGFR, Src and Akt phosphorylation. Bortezomib induced the phosphorylation of EGFR, Src and Akt in a dose-dependent manner, while the total levels of EGFR, Src and Akt were unaffected by bortezomib (Fig. 1) . Similar results were detected in the Hep3B and HepG2 cells (Fig. 1) .
Gefitinib decreases bortezomib-induced phosphorylation of Src and Akt.
To determine the effect of EGFR phosphorylation on the bortezomib-induced phosphorylation of Src and Akt, the effects of gefitinib, an EGFR inhibitor, on the bortezomib-induced phosphorylation of Src and Akt were examined. Treatment of SMMC-7721 cells with gefitinib eliminated bortezomib-induced phosphorylation of EGFR, Src and Akt (Fig. 2) . Similar results were detected in the Hep3B and HepG2 cells (Fig. 2) . These results indicated that the activation of EGFR by bortezomib may have contributed to the phosphorylation of Src and Akt.
Src inhibitor abrogates bortezomib-induced phosphorylation of EGFR and Akt.
Although activation of EGFR may lead to phosphorylation of Src, Src also mediates the phosphorylation of EGFR and modulates receptor function. To determine the effect of Src on the induction of EGFR and Akt phosphorylation by bortezomib, the effects of saracatinib, a Src inhibitor, on the bortezomib-induced phosphorylation of EGFR and Akt were determined. Treatment of SMMC-7721 cells with saracatinib decreased the bortezomib-induced phosphorylation of EGFR and Akt (Fig. 3) . Similar results were observed in the Hep3B and HepG2 cells (Fig. 3) . These results indicated that phosphorylation of Src also contributed to the bortezomib-induced phosphorylation of EGFR and Akt.
ROS mediates bortezomib-induced phosphorylation of EGFR, Src and Akt.
Bortezomib reportedly causes the accumulation of ROS in cancer cells. Treatment of hepatoma cells with bortezomib led to an increase in the levels of ROS (Fig. 4A) . NAC, an antioxidant agent, inhibited the induction of ROS by bortezomib (Fig. 4B) . To determine whether ROS may trigger phosphorylation of EGFR, Src and Akt, SMMC-7721 cells were treated with or without bortezomib and NAC, followed by western blot analysis of EGFR, Src and Akt phosphorylation. Treatment with NAC abrogated the induction of EGFR, Src and Akt phosphorylation (Fig. 4C) , suggesting that ROS mediated the effects of bortezomib on the phosphorylation of EGFR, Src and Akt. Similar results were detected in Hep3B and HepG2 cells ( Figure 4C ).
As ROS mediated the effects of bortezomib on the phosphorylation of EGFR, Src and Akt (Fig. 4) , the ability of the ROS scavenger NAC to sensitize hepatoma cells to bortezomib was examined. A combination of bortezomib and NAC did not increase the sensitivity of hepatoma cells to bortezomib (data not shown).
Inhibition of Src sensitizes hepatoma cells to bortezomib.
The effect of saracatinib on cell proliferation and apoptosis in bortezomib-treated hepatoma cells was then determined. Cellular proliferation was detected by EdU labeling. No significant difference was identified in the rate of cell proliferation between bortezomib-treated and bortezomib and sarcatinib-treated cells (data not shown). However, treatment of SMMC-7721 cells with saracatinib and bortezomib synergistically induced apoptosis, while induction of apoptosis was poor when either were used alone (Fig. 5A) . Similar results were observed in the Hep3B and HepG2 cells (Fig. 5B and C) . These results demonstrated that inhibition of Src may have sensitized hepatoma cells to bortezomib.
Discussion
The proteasome inhibitor bortezomib is an anticancer agent that has been administered in the clinic. Given the importance of proteasomes in multiple cellular processes, proteasome inhibitors hold promise in treating cancer. It is well established that bortezomib exerts its antitumor activity against cancer cells through the inhibition of NF-κB activation by preventing IκB degradation (19) . Although bortezomib B inhibits solid tumors in pre-clincial studies, its clinical activity against solid tumors is limited (20) . Numerous cancer cells have little sensitivity to bortezomib or become resistant following initial responsiveness to this agent. The phosphorylation of Akt is one of the mechanisms underlying bortezomib resistance. Activation of the PI3K/Akt pathway is important in basic cellular functions, including survival, proliferation, migration and differentiation, that underlie the biology of human cancer (21) . The activation of Akt may be associated with the resistance of cellular stress, as a mechanism for cells to avoid death. Akt regulates the survival and apoptosis of cells through activation of downstream proteins, including the mammalian target of rapamycin (22) . CIP2A is an oncoprotein that promotes cell growth and tumor formation through the stabilization of c-Myc (23) . Previous studies have demonstrated that CIP2A is important in bortezomib-induced apoptosis (15, 24) . Bortezomib increases the activity of PP2A and downregulates CIP2A in a dose and time-dependent manner in sensitive hepatocellular carcinoma (HCC) cells (24) . In addition, overexpression of CIP2A upregulates phospho-Akt and protects cells from bortezomib-induced apoptosis (24) .
Bortezomib increases the activity of EGFR in squamous cell, pancreatic and renal carcinoma as well as in head and neck cancer cells, whereas the activity of EGFR is inhibited by bortezomib in breast cancer cells (25) (26) (27) . The increase in EGFR activity appears to contribute to the phosphorylation of Akt in bortezomib-treated cancer cells (28) . The synergistic anti-proliferative and pro-apoptotic activity of combined therapy with bortezomib and anti-EGFR drugs is observed in human cancer cells (25, 29) . Sorafenib is a small molecule initially developed as an inhibitor of Raf-1. Subsequently, it was demonstrated to inhibit the activities of B-Raf, vascular endothelial growth factor receptor and platelet-derived growth factor receptor (30) . The combination of sorafenib and bortezomib demonstrates synergy in HCC through PP2A-dependent inactivation of Akt (31) . Saracatinib is an oral, tyrosine kinase inhibitor selective for Src. Preliminary data demonstrates that saracatinib has clinical benefits for patients with advanced disease (32) . The present study demonstrated that bortezomib induced the phosphorylation of Src. While Src is an effector downstream of EGFR, it also acts upstream of EGFR (33) , thus, Src and EGFR form a regulatory circuit. The present study demonstrated that inhibition of EGFR led to a decrease in bortezomib-induced phosphorylation of Src and inhibition of Src decreased bortezomib-induced phosphorylation of EGFR. Inhibitors of EGFR and Src abrogated the bortezomib-induced phosphorylation of Akt, suggesting that EGFR and Src can be ascribed to the bortezomib-induced phosphorylation of Akt. Although it is known that EGFR contributes to bortezomib-induced phosphorylation of Akt, how EGFR is activated by bortezomib remains to be elucidated. Previous studies have indicated that bortezomib may induce the accumulation of ROS (34) and it is known that ROS may induce the phosphorylation of Src (35) . The present study demonstrated that ROS mediated the induction of Src phosphorylation by bortezomib. Thus, ROS may be a key mediator of bortezomib-induced phosphorylation of Src, EGFR and Akt. Although ROS triggers these protective effects, an ROS scavenger does not affect bortezomib-induced cell death (data not shown). One possibility is that ROS itself contributed to bortezomib-induced cell death, however, it also triggered a protective response. Thus, the effect of ROS scavengers on bortezomib-induced cell death may be neutral. The effect of bortezomib on cancer cell death can be enhanced by inhibitors of EGFR and Akt (2, 36, 37) . The present study demonstrated that a Src inhibitor also enhanced bortezomib-induced hepatoma cell apoptosis. Therefore, the combination of bortezomib with a Src inhibitor holds promise in treating hepatoma.
